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Introduction
The mammalian immune system has, in principle, the ability to reject malignantly transformed cells, which is at least in part based on the recognition of tumor-expressed antigens [1] [2] [3] . Thus, the clinical manifestation of tumors in cancer patients likely reflects the failure of innate and adaptive immune control mechanisms that may otherwise constantly clear newly transformed cells in healthy individuals. Tumor cells can subvert immune-mediated rejection through loss of antigenicity [4, 5] and through the induction of tumor-specific immune tolerance [6, 7] . The latter tenet is the foundation of all forms of immunotherapy, the success of which will ultimately be determined by a detailed understanding of the cellular and molecular processes that regulate immunity and tolerance at the interface with malignancy [8] [9] [10] [11] [12] [13] [14] . Our current concepts in this field are for the most part based on the descriptive analysis of blood and tissue samples from human patients as well as on the investigation of various mouse models of transplanted, chemically induced, genetically programmed, or truly spontaneous tumors. Animal models permit flexible perturbation of the experimental system and have allowed us to identify some key molecular and cellular players that determine the outcome of anti-cancer immune responses. The next step will be to define the exact mechanics of these responses, which may differ greatly in various settings. It will be important to elucidate the topography, dynamics, and biological consequences of the various cellular interactions of immune cells with each other and with the tumor cells. However, population level measurements of homogenized tissue samples, static histological snap-shots, and reductionist cellular in vitro systems allow only inferences on what exactly may occur in vivo in the complex microenvironments of secondary lymphoid organs and the tumor tissue, both of which are likely the central battlefields of the tumor-immune system interaction. Various modalities of molecular imaging, such as Positron Emission Tomography (PET), single photon emission computed tomography (SPECT), magnetic resonance imaging (MRI), or fluorescence molecular tomography (FMT) (reviewed in [15] ) add tremendous utility by allowing the non-invasive, longitudinal study of cellular and molecular activity in vivo, for instance by tracking the fate of anti-tumor T cells in adoptive T cell therapy of cancer not only in mice [16] , but eventually also in humans. What they will likely not provide, however, is multiplexed information on single cell behavior at high temporal resolution.
Dynamic microscopic imaging in living animals is a rapidly developing methodology that can fill this gap and has already had tremendous impact not only in neuroscience or developmental biology, but more recently also in immunology [17] [18] [19] [20] [21] [22] . In this review we will briefly describe the features that have made particularly multiphoton intravital microscopy (MP-IVM) such a powerful new tool in immunological research. Then we will discuss some basic features of T cell immune responses, with a focus on CTL and their effector functions and will speculate on how MP-IVM can help to identify the steps at which tumor-induced tolerance mechanisms hinder the effective execution of CTL effector function against tumors.
Mutliphoton intravital microscopy in immunology
The availability of various technologies to study immune phenomena has not only determined the practice of research in different eras of immunology, but has also always defined the perspective from which researchers were at that time able to understand the different features of the immune system. Currently there is some indication that the recent possibility to visualize immune processes in vivo may lead to an enhanced appreciation of the dynamic nature of immune responses at the molecular and cellular level.
IVM is not new, having already been utilized by the natural scientists of the seventeenth century [23, 24] , and has been instrumental in shaping some of the very basic concepts of cellular immunology [25] [26] [27] . Since the importance of leukocyte trafficking for immune surveillance and response was recognized [28] , IVM has been instrumental in elucidating the topography and the molecular mechanisms of directed and regulated cell recruitment from the bloodstream into tissues, a field at the intersection of vascular biology and immunology [29] . However, it is only since the development of multiphoton microscopy [30] , which has opened up a window to observe what occurs deep in the tissues outside of blood and lymphatic vessels, that IVM-based studies have caught particular attention and began to inspire mainstream immunologists.
The success of multiphoton microscopy (MPM) is based on its potential to overcome several limitations of conventional fluorescence microscopy, namely poor optical penetration into turbid tissues as well as photobleaching and phototoxicity, all of which are based on the efficient interaction of visible light with matter in the form of absorption and scattering. Mitigation of these phenomena is achieved by utilizing the near-simultaneous interaction of fluorochromes with several photons (hence ''multiphoton'') of low energy, instead of individual, high-energy photons, for fluorescence excitation. Multiphoton excitation events occur only in situations of extremely high photon density, such as in the femtoliter volume around the focal point (the ''focal volume'') of a high numerical aperture objective lens guiding pulsed infrared light into the sample [30] . The instrumentation and theoretical foundation of this technique are well described elsewhere [31] [32] [33] . Here we will only briefly discuss the chief practical benefits.
Optical penetration
The tissue depths at which one can obtain image information at sufficient signal-to-noise (S/N) ratio and spatial resolution is limited by the scattering and absorption of light. In the case of fluorescence microscopy both the excitation and the emitted light are degraded in this manner. The principle of multiphoton excitation alleviates both limitations to a considerable degree. In MPM light of the infrared spectrum (typically between 700 and 1,300 nm wavelength) is used for excitation, which is less efficiently scattered and absorbed by the tissue overlying the structures of interest in the sample compared to light of the visible spectrum. The illumination beam can therefore be focused deeper within turbid tissues. Furthermore, since fluorescence is only generated in the focal volume, the fraction of the emitted light that is scattered on the way out of the tissue does not loose its spatial information as in single-photon microscopy and can be used for the generation of an image (and does not need to be excluded through use of a confocal pinhole aperture). This increases the S/N ratio dramatically in tissue depths at which scattering becomes significant (typically beyond 75-150 lm, depending on the tissue composition). The depth limit of currently available technology lies at around 1 mm in favorable tissues such as the brain [34] .
Phototoxicity and photobleaching High-energy light-illumination of biological tissues affects cellular processes by various mechanisms, such as generation of reactive oxygen species and heat-effects through energy absorption. The biological effects on immune cells, apparent for instance as enhancement of their adhesive interactions with the vascular endothelium, are well documented [35] . In MPM, the use of infrared light limits energy absorption of the tissue outside the focal plane, but the harmful side effects of fluorescence excitation still persist. More important in this regard is the limitation of fluorescence excitation to the focal point. In single-photon microscopy, which encompasses both conventional widefield and laser-scanning confocal microscopy, the tissue is illuminated not only in the focal plane of the objective lens, but also above and below. This means that during imaging of dynamic processes the fluorochromes within the entire light cone entering the tissue are repetitively excited and subjected to phototoxic and photobleaching effects. In MPM this does not occur since fluorescence is excited only in the focal volume. As a consequence, many dynamic biological processes can typically be observed in three dimensions in vivo over the range of many hours at short cycle times of a few seconds without noticeable bleaching or phototoxic effects.
From explanted organs to intravital observations MPM entered the field of immunology in 2002, when two independent groups published the first observations of immune cell migration in the context of explanted intact or reconstituted organs [36, 37] . Although the migration of leukocytes had been studied in culture dishes for a long time, these first observations of cell behavior in a relevant tissue context seemed to make a wider audience of immunologists keenly aware of the relevance of cell motility for immune function. The most surprising aspect of this work was the high degree of motility (average speeds of 10-15 lm/min for T cells) and the apparent lack of directionality of migration, which seemed to contradict the general assumption that chemokines and other chemoattractant cues would guide leukocytes through tissues in a well-coordinated fashion. These observations were later confirmed by studies in living animals, where blood flow, lymph flow, and innervation of the organ under study are generally preserved [38, 39] .
The emphasis during the first few years of dynamic in situ visualization of the immune system was on the initiation of immune responses in primary and secondary lymphoid organs (SLO) [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . This emphasis could be explained by the availability of model systems for the priming phase of T and B cell responses in the form of mice with transgenically expressed high affinity antigenreceptors specific for well-characterized model antigens. [58] [59] [60] . In the following paragraphs we will examine how some aspects of CTL biology in the context of tumor disease might benefit from visualization-based studies in vivo in the future.
The CTL response against tumors
Our assumption of a central role of CTL in immunological anti-tumor defense is based on the observations that they are regularly found in the tumor tissue, that their adoptive transfer into tumor-bearing individuals is therapeutically effective in mice (and occasionally in humans), and that deficiency in CTL effector mechanisms confers increased susceptibility to tumor formation and growth [10] .
CTL are specialized to execute their function during direct physical encounters with cells presenting the cognate antigens against which they were primed as naïve CD8 + T cells by dendritic cells (DC) in SLO (Fig. 1) . Their effector functions include the secretion of cytokines, the ligation of death receptors, and, most prominently, the release of lytic granules (Fig. 2) . Linking these functions to the recognition of antigen provides these cells with the discriminatory potential required to avoid excessive collateral damage on healthy cells while focusing the impact on their specific targets, which may be cells infected with intracellular pathogens or transformed cells expressing tumor-associated antigens. Although cancer-related imaging studies addressing the generation of CTL from naïve precursors in SLO are sparse, we will begin this discussion with this topic.
Antigenic priming of T cells
As is the case for other effector T cells, the precursors of CTL are generated in the thymus from bone marrowderived progenitors by a random process of somatic gene rearrangement in their antigen receptor locus. Subsequent selection processes ascertain that the newly obtained, highly diverse receptor repertoire of mature thymocytes is functional to interact with MHC I molecules, but does not recognize self antigen with high affinity [61] . After export from the thymus the resulting small clonal pools of naïve CD8 + T cells, lacking effector function, continuously recirculate through SLO, scanning these organs for the cognate antigenic ligands recognized by their various antigen receptors (Fig. 1 ). Prior to antigenic stimulation the total number of T cells in an individual with specificity for a particular ligand is quite low, between 20 and 200 in mice [62] and several thousands in humans [63, 64] . However, encounter with antigenic ligands in the context of appropriate co-stimulation not only triggers cellular differentiation and acquisition of effector functions, but also proliferation and clonal expansion over several orders of magnitude within a few days. CD8 + T cells 'see' antigen only when processed and presented in the context of MHC class I molecules on other cells. This can result from endogenous antigen expression in these cells or from a process called cross-presentation, meaning the presentation of exogenously acquired antigen. It is generally assumed that DC are the only antigen-presenting cells (APC) that are able to fully activate naïve T cells to become effectors. DC acquire antigen directly in peripheral tissues, including solid tumors, and carry it to lymph nodes (LN) by trafficking through afferent lymphatic vessels [65] . DC also collect antigen within SLO either from soluble pools of antigen arriving via the lymph [66, 67] or from other DC that have delivered it from the periphery [68, 69] . Because of the spatial concentration of antigen-presenting DC in SLO these organs function as 'antigen libraries' of the body [70] , which allow rare antigen-specific T cells to detect the presence of a foreign antigen in a particular region of the body during short visits to the draining lymph node instead of having to scan the vast volume of peripheral tissues for this purpose.
Essential to the scanning of SLO for 'their' cognate Ag is the efficient migration of naïve T cells from the blood into LN via high endothelial venules (HEV). This constitutive process is facilitated by a sequence of molecular interactions mediated by adhesion and signaling molecules expressed by T cells and high endothelial cells [29, 64, [71] [72] [73] . Interestingly, tumors may possess the ability to interfere with antitumor immunity already at this early step in the induction of T cell responses. Carriere et al. observed by conventional video-rate IVM that naïve T cells interacted less avidly with HEV in LN that drained an implanted tumor [74] . This correlated with reduced expression of the chemokine CCL21 in stromal cells of the LN. Interaction of CCL21 with its receptor CCR7 on T cells activates the integrin LFA-1, thereby enabling firm adherence to the endothelium during extravasation from the blood. Whether this is a phenomenon specific to tumors, or related to the recent finding that expression of both CCL21 and CXCL13 by stromal cells in the LN is transiently downregulated in an IFN-c-dependent fashion during the initiation of antiviral or antibacterial immune responses [75] , remains an open question.
The most striking initial finding of imaging studies in explanted lymph nodes or in vivo was that once T cells have entered the LN parenchyma, they assume relentless migratory activity along seemingly random paths within the paracortical T cell area [37] [38] [39] [40] , which is the most likely location to encounter an antigen-presenting DC. Upon closer inspection their migration is however not entirely random, but appears to be guided by contacts with fibroblastic reticular cells [76, 77] , which form a dense network in the T cell areas of SLO and may provide haptokinetic or haptotactic cues, or possibly even an adhesive substrate for migrating cells. The fact that stationary DC attach to this stromal cell network [78, 79] and thus position themselves along the T cell 'highways', together with the mobility of their long dendritic processes, maximizes the scanning efficiency of naïve T cells to reported values of between 500 and 5000 DC contacts per hour [40, 80] . Since CCR7 ligands, such as CCL21, are now known to play a direct pro-migratory role for T cells in LN [45, 81, 82] , the aforementioned reduction in CCL21 in tumor-draining LN [74] may also interfere with the efficiency of this scanning process.
A great deal of attention has been devoted to the characterization of the in vivo dynamics of T cell-DC interactions during antigenic priming, because this information is deemed to provide a framework within which to interpret our knowledge of the inter-and intracellular molecular events occurring during this process, including the formation of so-called immunological synapses or supramolecular activation clusters (SMAC) of signaling and adhesion molecules [83] [84] [85] between T cells and APC. Although the results from numerous imaging studies in explanted tissues and by IVM are not uniform [37, 39-41, 49, [86] [87] [88] [89] [90] , some consensus is beginning to emerge on how to unite the differing observations. Initial contacts of T cells with DC presenting cognate antigen can lead to the immediate formation of long-lasting, stable contacts under conditions of a high density of APC presenting high concentrations of high-affinity TCR ligands, [88, 89] . We and others have found that under other experimental conditions T cells can also scan the surface of multiple antigen-presenting DC during sequential, short-lasting encounters, and commit to stable encounters only after such hours-long phases of probing [39, 41, 49, 87, 90] .
Quite striking is the observation that under some conditions of tolerogenic priming or anergy-induction, T cells are unable to form stable conjugates with DC [41, 91] , although this is not the case in all forms of tolerogenic priming [88] . Whether absence of stable contact formation is the cause of tolerance or an unrelated event caused by the same factors that lead to tolerance remains to be addressed. In all of these studies the antigen-presenting DC were assumed to be the conveyors of tolerance based on the quality of the peptide they presented on their MHC molecules or on their activation status. Two additional imaging studies in LN also found that the suppressive influence of regulatory T cells (Treg) can prevent stable contact formation of naïve T cells with DC [92, 93] . Again, this was interpreted to be the result of the impact of Treg on DC, rather than directly on the effector T cells. There are multiple reasons why the priming of T cells against tumor antigen could favor the induction of tolerance rather than immunity. For once, DC might acquire antigen from some tumors without receiving concomitant danger signals that would trigger their up-regulation of costimulatory molecules, which are required to induce full activation and effector differentation in T cells [94] . In addition, tumor-reactive Treg may interfere with the capacity of DC to prime naïve T cells in similar ways as has been reported for autoimmune settings [92, 93, 95, 96] . Scholer et al. recently visualized the migratory dynamics of ovalbumin (OVA)-specific T cells in explanted lymph nodes that had drained subcutaneous EG7-OVA tumors, generated by injection of the EL4 thymoma cell line engineered to express the model antigen OVA [97] . When they adoptively transferred naïve OT-I cells into mice bearing established, 10 days old tumors, they found a nearly identical reduction of T cell motility in tumordraining LN relative to non-draining LN as compared to a highly immunogenic setting generated by targeting the antigen to DC with antibodies against the scavenger receptor DEC-205 and by injection of an activating antibody against CD40. This was interpreted to reflect that T cells established long-lasting interactions with tumor-antigen-presenting DC. If endogenous Treg were induced or activated in this tumor implantation model, as one would expect [98] , they apparently did not interfere with the priming of naïve T cells. Not only did naïve T cells show similar motility as under immunogenic conditions, but priming also resulted in comparable production of the effector cytokine IFN-c [97] . Future studies will be required to determine under what condition Treg are expanded or induced in response to tumors and to what extent they impair T cell responses at the level of priming.
Trafficking to effector sites
Poor recruitment of T cells from the blood into tumor tissue and specifically into the tumor cell mass is now recognized as an obstacle to effective immune responses (Fig. 1) [99, 100] . Part of the explanation may be that the nature of the tumor environment simply does not support the proper formation of a mature, adhesive microvasculature, but it is equally possible that tumor-secreted factors or tumorinduced cellular mechanisms, which could be therapeutically targeted, actively antagonize cellular recruitment from the blood. A prerequisite to overcoming the limitation of poor recruitment of T cells from the blood into tumor tissue and specifically into the tumor islets themselves will be to identify and dissect the underlying mechanisms.
Differentiation of naïve T cells into effector cells is accompanied by dramatic alterations in their expression of adhesion and signaling molecules. This leads to a change in trafficking behavior from recirculation through SLO via lymph and blood towards a pronounced inclination to enter peripheral tissues, preferentially those in which inflammation has caused up-regulation of the blood vessel endothelial counter-receptors for the newly acquired homing molecules on T cells (reviewed in [101] ). Despite the resemblance of tumors to chronically inflamed tissues in many other ways, the tumor vasculature appears to be poorly equipped to support the adhesive interactions leading to the recruitment of immune cells [102, 103] . A mostly only rudimentary vascular differentiation into arteriolar, capillary, and venous microvascular beds [104] [105] [106] is accompanied by low expression of adhesion molecules, such as intercellular adhesion molecule (ICAM)-1 [107, 108] and vascular cell adhesion molecule (VCAM)-1 [109] , and of chemokines, such as the CXCR3 ligands CXCL9 and CXCL10 [110, 111] . A particular hindrance in the study of leukocyte recruitment to tumors is also the apparent heterogeneity in vessel function and the fact that preferred sites of recruitment have not yet been identified. Curiously, T cells are often found in greatest density within the stromal components of the tumor mass surrounding the tumor cell islets [100] . The variable infiltration of the tumor islets seems to constitute a predictive parameter for a more positive clinical outcome in patients [112] . This allows for various interpretations, one of which is that T cell recruitment occurs in the stromal regions of tumors and that subsequent entry into the tumor islets is a limiting step (Fig. 1) . It is also possible that direct recruitment from the blood to the tumor islets is what facilitates an effective immune response.
Time-resolved imaging studies of the entire sequence of events leading to trafficking of effector T cells to their final target location is the most promising approach to resolve this issue. In fact, Mrass et al., in the first time-lapse imaging study of T cell migration in explanted tumors, have made the interesting observation that local antigen-recognition through CTL in tumor tissue is required for their sustained motility [58], which may be critical for their ability to enter the tumor islets from the surrounding tumor stroma. When they injected two in vitro-activated populations of TCR transgenic T cells, non-tumor antigen-specific P14 and OVA-specific OT-I CTL, into mice bearing the OVAexpressing EL4-derived thymoma EG7-OVA, both populations entered the tumor. While the P14 cells were initially more motile in the absence of their cognate antigen, the OT-I effectors engaged in partially transient, partially longerlasting interactions with tumor cells and thus slowed down. The latter finding was also confirmed by the authors using intravital microscopy. Over the next few days, however, the majority of OT-I T cells resumed a motile behavior (and rejected the tumor), while P14 T cells became increasingly immotile. Importantly, such biphasic behavior was also observed for tumor antigen-reactive T cells derived from the endogenous polyclonal repertoire of mice that were implanted with the lung epithelial tumor cell line TC-1 expressing a human papilloma virus antigen. Here, the recovery of motility of tumor-infiltrating T cells was only noted in mice that were in addition vaccinated with an adenoviral vector expressing one of the papilloma virus antigens on the TC-1 tumors, while in absence of vaccination T cells in tumors remained immotile throughout [58] .
Similar, but not identical observations were made by Boissonnas et al., who imaged CTL primed in vivo from naïve OT-I T cells in subcutaneous tumors by MP-IVM [59] . When mice were implanted in distinct locations with EG7-OVA and EL4 tumors, transferred naïve OT-I cells were primed only in LN draining EG7-OVA, but subsequently migrated to both EG7-OVA and EL4 tumors. Because in this study intravital microscopy was used to visualize CTL migration in tumors, the authors were also able to note that T cell infiltration of tumors seemed to originate from the peri-tumoral tissue, where CTL migrated preferentially along small blood vessels. OT-I CTL that approached the tumor initially engaged tumor cells most prominently in stable interactions, but at later stages of tumor rejection regained high motility. However, under the experimental conditions used, OT-I CTL were not observed to diminish their motility in EL4 tumors in absence of their cognate antigen as in the study by Mrass et al. [58] . The reason for this could be that the continuous supply of newly immigrating fresh CTL generated from naïve cells in the EG7-OVA-draining LN may have obscured the behavior of cells with longer dwell times in EL4 tumors, leading to the conclusion that cells did not decrease their motility in absence of the cognate antigen. On the other hand, nonantigen specific CTL not only remained motile, but were also found in deeper regions of the tumor, when OT-I CTL were simultaneously present in EG7-OVA tumors [59] . This argues against a requirement for CTL for direct antigen recognition to migrate from a putative peripheral entry site to central regions of the tumor. Further studies using a larger number of different experimental settings will probably provide a more unified model of CTL recruitment and regional trafficking in tumors.
The cell biology of CTL function
Before we discuss the initial imaging-based observations on CTL-target cell interactions during anti-tumor responses, we will briefly review the cellular functions that CD8 + effector T cells are equipped with to carry out their roles in the immune response (Fig. 2) .
Cytokines
Among the cytokines produced by CTL, Interferon (IFN)-c has been shown to be relevant to immunity against cancer in a number of different settings, including murine models of IFN-c-or IFN-c-receptor-deficiency of the host [113, 114] or of IFN-c-unresponsiveness of the tumor [113, 115] . What is less clear is whether it was in every case IFN-c produced by CTL, and not by NK cells or CD4
+ T helper cells, that conferred the observed anti-tumor effects. Also, it is not exactly clear how IFN-c harms tumors in vivo [116] . CTL-derived IFN-c may activate macrophages to carry out their innate anti-tumor functions [117] or induce anti-angiogenic effects [118] [119] [120] . IFN-c may render tumor cells more immunogenic and susceptible to other effector mechanisms [121] by inducing their cellular antigen presentation machinery or via induction of the death-receptor Fas [122] (see below). Secretion of IFN-c, at least by CD4 + T cells in vitro, occurs in a directional manner towards the interface with antigen-presenting cells [123, 124] . Conceivably, CTL also make such economic use of their IFN-c in vivo, but on which target cells and to what effect remains to be worked out in detail.
Tumor necrosis factor (TNF)-a, on the other hand, is secreted non-directionally by CD4 + T cells upon antigen recognition [124] , and may thus, if the same is true for CD8 + effector T cells in vivo, exert rather pleiotropic effects, such as recruitment and activation of innate and adaptive bystander cells, including non-hematopoetic cells. Yet, when mice are co-infected with a mixture of two strains of recombinant vaccinia virus, one of which is engineered to expresses murine TNF-a (and the other not), antiviral CTL-mediated protection is generated only against the TNF-a-expressing strain [125] . This suggests that, despite its multidirectional secretion by CTL, TNF-a may act in a highly localized fashion. Generally, a role for TNF-a in anti-tumor immunity is less well substantiated than for IFN-c, especially when produced by CTL. It may be important when tumors grow in immune-privileged sites [126] or in the elimination of tumor antigen loss variants [127, 128] . As for IFN-c, anti-tumor effects of TNF-a may depend more on effects on the tumor stroma, than on the tumor cells directly [128, 129] .
In addition to IFN-c and TNF-a, IL-4 and IL-10 have also been implicated in anti-tumor effects, although these cytokines are generally associated with immunoregulatory functions. Yet, IL-4 produced by CTL can contribute to tumor rejection, not only during the priming phase [130, 131] , but putatively also through anti-angiogenic effects mediated by tumor-associated fibroblasts [132] . And finally, since artificial expression of IL-10 by transplanted tumors delays tumor growth, albeit independently of T cells [133] , CD8 + T cells, which under some circumstances can be induced to produce this cytokine [134] might also play a role in the anti-tumor response through macrophagemediated anti-angiogenic effects [133] .
Importantly, not only the secretion, but also the production of cytokines is coupled to antigen recognition. IFN-c and TNF-a are synthesized in CTL partly from preformed, but mostly from newly transcribed mRNA within 30 min of binding to Ag-presenting cells [135] . This suggests that not only the secretion, but also the expression of cytokines by CTL in tumors is tightly regulated through cellular interactions, but the cellular partners of these interactions and the relevant targets of cytokine effects remain poorly defined in vivo.
Ligands for death-receptors
Tumor cells, like most cells of the body, express, at varying levels, members of the TNF-receptor family, such as Fas, TNF-receptors, and the TRAIL receptors, which, when triggered through their ligands displayed on the surface of activated immune cells, can induce various pathways of apoptosis. The best-studied ligand on CTL is Fas ligand (FasL). FasL has been reported to be stored in the same secretory lysosomes as the granzymes and perforin (discussed below) and, at least in immune cells, to be concomitantly shuttled to the cell surface only upon antigen-triggered degranulation [136] . Recently, however, evidence has emerged that FasL may be stored in distinct organelles and the surface mobilization of their content be controlled independently from the classical granule release pathway [137] .
The Fas pathway is traditionally believed to be of subordinate or no importance as an effector function in CTL anti-tumor responses compared to its role in immune regulation and homeostasis [138] . Yet it may contribute to optimal responses, especially under conditions of large tumor burden [139] [140] [141] . Its actions, like those of other death receptor ligands, are likely mediated through cellular interactions, but, as is true for the cytokines, the relevant interaction partners in the tumor environment remain to be defined.
Lytic granules
The best-established mechanism used by tumor-reactive CTL is the lytic granule pathway. In addition to abovementioned effector mechanisms, which they share with CD4 + helper T cells, CTL are also equipped with a specialized form of secretory lysosomes, so-called lytic granules (reviewed in [142] ). Naïve CD8 + T cells lack lytic granules, which are only expressed upon effector cell differentiation triggered during antigenic priming. Lytic granules contain multiple members of a family of serine proteases, called granzymes, as well as the membrane poreforming molecule perforin. Granzymes and perforin most likely act in concert to induce a variety of apoptotic pathways in target cells in a cell contact-dependent fashion. Upon T cell receptor (TCR)-triggering, CTL polarize their microtubule-organizing center (MTOC) towards the site of contact with antigen-presenting cells. Microtubuleassociated lytic granules switch from bidirectional to unidirectional movement along tubules and thus accumulate at the MTOC. Fusion with the cytoplasmic membrane leads to the release of granzymes and perforin through a special secretory domain of the immunological synapse into the intercellular gap [143, 144] . It is still a matter of debate whether granzymes then enter the cytoplasm of target cells directly from the synaptic cleft through perforin-mediated pores in the cytoplasmic membranes [142, 145, 146] , through perforin-mediated release from endosomes that may form by conventional endocytosis [147] or during membrane repair of the perforin-injured cytoplasmic membrane [148, 149] . Within the target cell, granzymes induce a multitude of apoptotic pathways, many, but not all of which depend on the enzymatic activity of caspases [150, 151] . In vitro, granule-mediated killing of target cells has been characterized as being significantly faster than apoptosis-induction through death receptors, requiring only a few minutes under optimum conditions [143] .
The relevance of the cytotoxic pathway for direct killing of tumor cells versus that of stromal cells cross-presenting tumor-derived antigen could depend on the amount of antigen expressed by the tumor, which may vary in the course of the host-tumor interaction [152] , but its general significance is underscored by the enhanced susceptibility to tumor development in perforin-deficient mice [153] .
CTL function during interactions with tumor cells in vivo
Based on the efficient perforin-dependent, contact-mediated killing of allogeneic tumor cells in classical in vitroassays of cytotoxicity [154] one might have assumed that contacts with tumor cells by tumor antigen-specific CTL in vivo would also lead to efficient induction of tumor cell apoptosis, at least under conditions that lead to rejection of tumors in a CTL-dependent fashion. It is therefore surprising that the initial in situ observations of CTL tumor cell interactions yielded no or only anecdotal footage of tumor cell destruction during contacts with tumor-specific CTL [58, 59] . Since tumor cell apoptosis under the experimental conditions used was evident, the question arises as to what extent and with what efficiency direct, lytic granule-mediated, contact-dependent cytotoxicity of CTL against tumor cells contributes to tumor rejection, relative to the role of cytotoxic effects on stromal cells and of the other above-mentioned CTL effector mechanisms.
A simple explanation for the paucity of observed killing events could also be that the time it takes to kill a tumor cell in situ is considerably longer than the 30 min-intervals of continuous observation used for these initial studies. In vitro, signs of structural lysis of target cells can become apparent within a few minutes after engagement with a CTL under optimal conditions [143] , but this can also take up to several hours after initial contact formation [155] and Peter Friedl, personal communication). Many reasons for this heterogeneity are conceivable, including variable degrees of effector differentiation of the CTL, involvement of TCR with different affinities, varying expression of peptide-MHC ligands, or expression of negatively costimulating signals by target cells, their induction of antiapoptotic or down-regulation of pro-apoptotic mechanisms, or differences in the general experimental conditions between studies. This heterogeneity will likely be amplified in vivo, where additional extrinsic factors will contribute to the regulation of killing efficiency.
An additional difficulty of the study of CTL tumor cell interactions in vivo will probably remain that, unless the tumor is continuously observed from the initial infiltration of CTL on, the history of each CTL and tumor cell that interact cannot be known. Even if a tumor cell lysis event is recorded subsequent to a seemingly initial contact by one CTL, it is challenging to exclude with certainty that previous, unobserved interactions with this or other CTL have occurred, have potentially prepared the tumor cell for an easy deathblow. Therefore, to obtain precise information of the killing efficiency of tumor-reactive CTL under conditions of tumor rejection and tumor progression, we recently devised a method where B cells pulsed ex vivo with a tumor-expressed peptide antigen were introduced into tumor-bearing mice where they would be confronted with primed CTL in the tumor-draining LN [156] . Since the tumor-reactive CTL expressed EGFP and the surrogate target B cells were labeled with a combination of organic fluorescent dyes that would allow monitoring of cellular viability, we could visualize their encounters in the LN by MP-IVM. At day 5 after implantation of the tumors, CTL had already acquired lytic effector function at the priming site. While CTL contacts with non-antigen pulsed control B cells were, as expected, transient, contacts with antigen pulsed targets very efficiently led to the immediate formation of stable conjugates (Fig. 3) . These conjugates subsequently moved jointly through the LN parenchyma at speeds similar to that of unconjugated B cells, with the B Fig. 3 Dynamic analysis of CTL killing of a motile target in vivo. Engagement of a B cell (purple) presenting cognate antigen by a tumor-reactive CTL (green) leads to formation of a stable conjugate (grey-shaded area in the graph below), which continues to move at the speed of unconjugated B cells (as measured by the instantaneous velocity). After 18 min the migration speed drops below a threshold value defined by the 95% confidence interval of the migration speed of unconjugated B cells. After another 18 min. the B cell undergoes structural lysis reflected by rapid changes in fluorescent properties (Red/Blue fluorescence ratio). 7 minutes later the CTL disengages from the target cell. Modified from [156] Clin
cell always leading the way. After an average of 10 min the conjugates typically stopped to migrate quite abruptly, which we interpreted, based on the assumption that the B cells were the driving force behind conjugate movement, as a first sign of loss of cellular function in the target cells as a consequence of CTL contact-dependent cytotoxicity. Yet, it was only after a second interval of about 10 min that we saw changes in the fluorescent properties of the target cells consistent with their loss of structural integrity. The study of this comparably rapid cytotoxic process with these favorable and fairly standardized targets (high and homogenous levels of surface-peptide/MHC) was hampered by the limited continuous observation time of one hour. But although this timeframe allowed for relatively few observations of the entire sequence of events, it permitted an estimate of the overall efficiency of killing as about 2.5 events per hour of motile CTL-B cell interaction time [156] . These observations, although performed on surrogate target cells, highlight some of the challenges to the quantitative characterization of CTL function against tumor cells in vivo. Future studies will hinge on sensitive parameters to monitor the responses of tumor cells to CTL contacts. Signs of cellular disintegration that are detectable by MP-IVM in cells labeled through cytoplasmatic expression of fluorescent proteins may be a late event in apoptosis. More sensitive and easily quantifiable parameters might be obtained by monitoring signaling or enzymatic processes activated earlier in apoptotic cells. Indeed, Philippe Bousso's group recently published the first detailed kinetic in vivo-analysis of tumor cell death resulting from direct cellular interactions with tumorreactive CTL using caspase activation as a read-out for the induction of cell death [60] . For this purpose they transfected the tumor cell line EG7-OVA with a genetically encoded fluorogenic probe that reports caspase activity through spectral changes in fluorescence emission upon cleavage of a caspase-sensitive amino acid sequence used as a linker between two fluorescent proteins. In the uncleaved state the proteins undergo Foerster resonance energy transfer (FRET), which quenches fluorescence of the FRET-donor molecule. When caspases are activated during ongoing apoptosis, they cleave the probe, which can be monitored by microscopy. The authors injected such tumors into mice, followed by adoptive transfer of preactivated OT-I CTL four days later, which facilitated the rejection of OVA-expressing, but not of non-OVA expressing tumors. When they analyzed the interactions of OT-I cells with tumor cells by MP-IVM they could observe concurrent induction of apoptosis in tumor cells. While these events were infrequent and the duration of continuous observation intervals was limiting, Breart et al. studied a large number of total events and could thus extrapolate the time an individual CTL interacts with one tumor cell before apoptosis is induced. Surprisingly this time was 6 hours in their experimental system and thus much longer than what was observed with peptide-pulsed surrogate target cells in tumor-draining LN [60, 156] . Since EG7-OVA cells express considerable amounts of OVA, other reasons apart from limiting presentation of TCR ligands for OT-I cells by the tumor cells, as discussed earlier, should probably be considered to account for this discrepancy.
Complementary to the analysis of the CTLs' effects on their target cells, the ability to monitor the deployment of the cytolytic machinery in CTL during CTL-tumor cell interactions will help to interpret simultaneous observations on tumor cells. This could for instance be achieved through expression of fluorescent fusions to lytic molecules, such as Granzyme B [157] in CTL. What are the interesting questions on CTL-mediated cytotoxicity of tumor cells in vivo, besides the dynamics of the process and its general relevance for tumor elimination? An elegant classic study relying on a simple in vitro cytotoxicity assay initially suggested that CTL possess the ability to lyse several target cells in rapid succession [158] . This finding has since been corroborated by several video-microscopic investigations in vitro [159] [160] [161] , but whether CTL generated in vivo from naive CD8 + T cells in tumor-draining LN display such serial killing behavior against tumors is not yet known. What is the stoichiometry of tumor cell killing by CTL in vivo? Does the lytic cargo of one CTL suffice to lyse one or several tumor cells or a do several CTL need to engage with one tumor cell simultaneously or in sequence to achieve the kill? The observations from the imaging studies performed so far indicate that CTL-tumor cell interactions are predominantly monogamous, but do not rule out the requirement for sequential engagement of a tumor cell by several CTL to induce cell death [58] [59] [60] .
A striking observation from imaging studies performed in collagen gels is that CTL remain attached to their targets for significant amounts of time even after the targets show obvious signs of structural disintegration (Peter Friedl, personal communication). We have recorded similar 'necrophilic' interactions in vivo in CTL engaging with peptide-pulsed B cells in tumor-draining LN [156] . This seemingly pointless behavior might serve the purpose of sustaining TCR signaling, to induce transcription and recharge the lytic machinery for subsequent encounters, or perhaps to induce the secretion of cytokines that attract phagocytes for clearance of the apoptotic target cells remnants. Finally, once the basic rules of engagement of CTL and tumor cells are characterized in vivo, it will be most rewarding to study the impact of various putative regulatory mechanisms that locally antagonize efficient execution of CTL effector function in the tumor microenvironment.
Indirect anti-tumor functions of CTL Tumor antigens are not only presented by tumor cells themselves, but also cross-presented by hematopoetic cells and even radio-resistant, possibly non-hematopoetic cells in the tumor stroma and will be encountered in this form by CTL upon entry into the tumor environment. The importance of these encounters was highlighted by a study that showed the relevance of local antigen cross-presentation for the elimination of tumor cells that have downregulated or lost the expression of tumor antigens recognized by tumor-reactive CTL, so-called antigen loss variants [152] . The function of these interactions could be to boost CTL function locally and thus enable the direct clearance of tumor cells expressing low amounts of antigen. However, in the study by Spiotto et al. CTL could contain tumors even when they did not recognize their cognate antigen on the tumor cells directly, but only on cross-presenting stromal cells [152] . It is therefore also possible that cytotoxic or non-cytotoxic effects on stromal cells is what enables rejection of these tumors. In line with this hypothesis, some studies have found that the capacity of CTL to contribute to tumor rejection is more dependent on cytokines, such as IFN-c, than on cytotoxicity [162] [163] [164] . The study by Breart et al., however, provided elegant evidence that, at least under their experimental conditions, indirect effects of CTL on tumors were not dominant in the rejection of tumors. To address this question they injected mice with homogenous mixtures of EG7-OVA and the non OVA-expressing maternal tumor cell line EL4. Three days after adoptive transfer of pre-activated OT-I CTL the OVA-expressing tumor cells had disappeared, but the control tumor cells prevailed in numbers that indicated that they were not affected by the presence of CTL engaging with and killing their direct neighbors [60] . This is an important finding since it validates the relevance of direct killing of tumor cells by CTL. Possibly the critical contribution of bystander elimination of tumor cells, as suggested by the study of Spiotto et al. [152] becomes more significant at later stages of tumor development, or the expression of OVA by EG7-OVA is too low to allow for sufficient cross-presentation by stromal cells in the tumor to trigger bystander effects.
Despite these observations, it will be very informative to identify the cellular interactions of CTL with various cells of the tumor stroma. Mrass et al., in their study of tumor explants, found evidence for sustained CTL interactions with an autofluorescent cell population in the stroma, which could be identified as macrophages by correlative histological analysis [58] . They did not report macrophage lysis as an outcome of these interactions. Likely, both cell types could influence each other functionally. CTL could activate macrophages to enhance their phagocytic function or secrete cytokines. Conversely, macrophages could modulate CTL function in either immunogenic or tolerogenic ways by regulating their survival, proliferation, and gene expression profile. In light of the recently accumulating evidence for a tumor-promoting function of myeloidderived suppressor cells [9, 165, 166] , the latter may seem more likely under conditions of tumor progression, but macrophage function might be converted by appropriate interventions [167] . An examination of the signals that CTL receive during ongoing encounters with macrophages and with other cells of the tumor stroma, using MP-IVM, will provide invaluable insights for the development of effective immunotherapies. This approach will be enabled by the generation of sophisticated fluorescence-based molecular reporters to monitor cellular signaling in vivo at the single cells level.
Extrinsic regulation of CTL function in tumors
The tumor environment is an arena for a multitude of cellular and humoral regulatory networks within the immune system [9, 10, [12] [13] [14] . It is beyond the scope of this article to review these, but all findings on CTL function in tumors must be interpreted in light of the potential impact of extrinsic regulatory mechanisms.
What orchestrates these regulatory immune mechanisms? It may be helpful to consider that Treg recognizing tumor-expressed or tumor-associated antigens play a central role, by analogy to the diverse functions of CD4 + effector T cells as the conductors of immunogenic responses. It is conceptually attractive to assume that Treg both thrive in and actively maintain environments that antagonize the functions of CTL.
We have used our model mouse tumor system to study by MP-IVM the CTL-mediated killing of surrogate target cells in tumor-draining LN to test whether Treg have an impact on CTL cytotoxic function [156] . Using the kinetics of killing in the absence of exogenous tumor antigen-specific Treg as baseline value we measured the effect of the presence of tumor-reactive Treg, which globally prevented tumor rejection [168] , on CTL function at the single cell level. In the presence of adoptive transferred, clonally expanding Treg, CTL proliferated and migrated normally in the LN, were as efficient in forming stable conjugates with their targets and displayed the same co-migration behavior, but we detected much fewer lytic events during these interactions. Instead we found that prolonged motile interactions frequently ended without visible impact on the targets. The efficiency of killing thus dropped six-fold from 2.5 to less than 0.4 events per hour of motile interaction time. Correlative ex vivo analysis of CTL from LN containing adoptively transferred, tumor-reactive Treg or not, revealed a selective Treg-dependent defect in the CTLs' ability to release their lytic granules toward the target cell interface, suggesting a mechanistic explanation for their inefficient lytic ability in vivo. In these studies we found no convincing evidence that direct Treg-CTL interactions are involved in this process [156] . In agreement with imaging studies on Treg-mediated suppression of CD4 + effector T cells in a model of autoimmunity [92] , we suggest that Treg may exert their suppressive function through interactions with antigen-presenting cells that subsequently loose their ability to stimulate effector T cells in an immunogenic fashion [19] . Importantly we found that the suppressed phenotype of CTL in tumor-draining LN was reversible in absence of Treg. Assuming that the Treg found in tumors operate by similar mechanisms as in the draining LN, it will be interesting to identify tumor-resident partners of antigen-dependent cellular interactions shared by CTL and Treg, which could thus serve as mediators of suppression.
Outlook
Cancer is a complex and multifaceted disease. The at times paradoxical roles of the immune system in disease initiation, progression, and therapy are being increasingly recognized in complementation of the more traditional, 'tumor-centric' perspective [169] . Although the limitations of murine tumor implantation models are recognized [7] , they still provide useful mechanistic insights into the interaction of the immune system with tumor cells and their surrounding stroma. Due to their experimental flexibility, these models will also, at least initially, be of great value in our visualization-based efforts to understand malignant disease through in vivo-investigation of the cellular interactions that enable and control anti-tumor immune functions. Yet, the predictions from these studies will require validation in tumor models that resemble the sporadic human disease more closely, for instance in the dynamics of disease. Adaptation of existing genetic models of sporadic disease [7] will eventually also allow for imaging-based exploration of immune function during early disease stages and hopefully help address the mechanisms of immunosurveillance [170] . 
